Introduction
============

As loose connective tissues surrounding the developing tooth germ, dental follicles not only control tooth eruption, but also contain progenitor cells that give rise to the cementum, periodontal ligaments and alveolar bones ([@b1-mmr-15-04-1673],[@b2-mmr-15-04-1673]). Progenitor cells in dental follicles expressing Notch-1 and nestin proteins are believed to possess mesenchymal stem cell-like properties ([@b3-mmr-15-04-1673]). Dental follicle cells (DFCs) can differentiate into osteoblasts and cementoblasts through the regulation of specific signaling pathways ([@b4-mmr-15-04-1673],[@b5-mmr-15-04-1673]). Using suitable biocompatible scaffolds, DFCs form dentin and cementum-like matrices, indicating that DFCs may potentially serve as seed cells in tooth regeneration engineering ([@b6-mmr-15-04-1673]--[@b8-mmr-15-04-1673]).

Previous studies have identified several effectors that have been implicated in the osteogenic differentiation of DFCs, including bone morphogenetic protein (BMP), Wnt, Sonic hedgehog and the Notch signaling pathway ([@b4-mmr-15-04-1673],[@b9-mmr-15-04-1673]--[@b11-mmr-15-04-1673]). Previously, the canonical and non-canonical Wnt pathways have been demonstrated to promote DFC differentiation into osteoblasts/cementoblasts ([@b9-mmr-15-04-1673],[@b12-mmr-15-04-1673]). Results have indicated that the Wnt signaling pathway branches into at least three distinct pathways: The canonical, non-canonical and planar-cell polarity pathways ([@b13-mmr-15-04-1673],[@b14-mmr-15-04-1673]). The canonical Wnt pathway is the most extensively studied, and refers to Wnt ligands causing β-catenin accumulation in the cytoplasm, leading to eventual nuclear translocation, where it acts as a transcriptional co-activator of transcription factors belonging to the T-cell factor/lymphoid enhancer factor family ([@b15-mmr-15-04-1673]).

The canonical Wnt/β-catenin pathway serves a critical function in the cell cycle and cell growth, which mediate oral tissue development ([@b16-mmr-15-04-1673]). Previous research has suggested that Wnt/β-catenin signaling inhibits dental pulp stem cell differentiation into odontoblasts ([@b17-mmr-15-04-1673]), and enhances the mineralization capacity of ameloblasts ([@b18-mmr-15-04-1673]). However, the biological role of the canonical Wnt pathway in dental follicles has not been fully elucidated. To investigate the effects of Wnt pathway activation on DFCs, a polymerase chain reaction (PCR) array was implemented to compare the expression levels of 84 Wnt-associated genes maintained in routine or mineral-induction media for 4 weeks. The results indicated that the Dishevelled 3 (DVL3), cyclin D2 (CCND) and Dickkopf-related protein 3 (DKK3) genes were downregulated upon mineral induction, thus providing novel areas to study the osteogenic differentiation of DFCs.

The DVL protein family function as scaffold proteins that bridge receptors and distinct downstream signaling components ([@b19-mmr-15-04-1673]). CCND proteins are members of the cyclin protein family, which regulate cell cycle progression ([@b20-mmr-15-04-1673]). In the present study, there was a particular focus on the role of DKK3, since DKK family members are secreted glycoproteins known to antagonize Wnt signaling ([@b21-mmr-15-04-1673],[@b22-mmr-15-04-1673]). Specifically, DKK3 is downregulated in various tumor cells, including hepatocellular carcinoma, lymphoblastic leukemia, prostate cancer, renal cell carcinoma, and melanoma cells ([@b23-mmr-15-04-1673]--[@b28-mmr-15-04-1673]). It has also previously been reported that DKK-family members participate in tooth development ([@b29-mmr-15-04-1673]) DKK1 has previously been reported to be markedly expressed in the distal, incisor-bearing mesenchyme area of mouse mandibular processes during the initial stages of tooth formation. However, during molar morphogenesis, DKK1 was detected in the dental mesenchyme, DKK2 was expressed in the dental papilla, and DKK3 was specifically expressed in the primary and secondary enamel knots. In addition, DKK3 was transiently expressed postnatally in pre-ameloblasts, prior to the onset of enamel matrix secretion ([@b29-mmr-15-04-1673]). However, the supportive roles of DKK family members in tooth development or dental-related cells remain elusive. Considering the evidence provided by the Wnt PCR array in the present study, the role of DKK3 in rat DFCs during osteogenesis was investigated.

Materials and methods
=====================

### Ethical approval

All procedures performed in the present study involving animals were approved by the Ethics Committee of the Guanghua College of Stomatology at Sun Yat-sen University (Guangzhou, China).

### DKK3 expression assay of DFCs with/without mineral induction

DFCs were cultured from 6--7-day-old Sprague Dawley rats, as described previously ([@b2-mmr-15-04-1673]). A total of 5 rats \[2 female/3 male, \~10 to 15 g, bred at 24°C on a 12 h light/dark cycle with *ad libitum* access to food and water, supplied by the Animal Research Center of Sun Yat-sen University (Guangzhou, China)\] were sacrificed by cervical dislocation. The mandibles were dissected to separate the dental follicles. Following this, the dental follicles were digested by 0.1% collagenase type I (cat. no. C0130; Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) and 10 U/ml dispase (cat. no. D4818; Sigma-Aldrich; Merck Millipore) for 30 min at 37°C to obtain DFCs. The DFCs were identified by Alizarin red staining and Oil Red O staining. For the Oil Red O Staining, DFCs were treated with Dulbecco\'s modified Eagle\'s medium (DMEM) containing 10% FBS, 0.5 mmol/l 3-isobutyl-1-methylxanthine, 200 µm/l indometacin, 10 µg/ml insulin, and 1 µm/l dexamethasone (Sigma-Aldrich; Merck-Millipore). The cells were stained with Oil Red O (Sigma-Aldrich; Merck-Millipore) 2 weeks subsequent to this. For the DKK3 assay, DFCs were cultured in 10% DMEM or mineral-induction medium (10% DMEM, 10 µl β-glycerophosphate, 50 µM ascorbate-2 phosphate and 0.1 µM dexamethasone; Sigma-Aldrich; Merck-Millipore) for 4 weeks at 37°C. Subsequently, the rat Wnt signaling pathway profile (cat. no. PARN-043Z; Qiagen, Inc., Valencia, CA, USA) was used to detect the expression of 84 genes associated with Wnt-mediated signal transduction on DFCs with/without mineral induction for 4 weeks. Briefly, the experiment was assayed on 96-well plates by running the reverse transcription-quantitative PCR (RT-qPCR) cycling program, according to the manufacturer\'s protocol.

Based on the results of the RT-qPCR, DKK3 was selected for further study. DFCs were cultured using DMEM or mineral-induction medium for 1, 2 or 4 weeks at 37°C. DKK3 gene expression in each group was measured by RT-qPCR and western blot (WB) analysis.

### RT-qPCR analysis

Cells were collected and total RNA was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer\'s protocol. Reverse transcription was performed using the 1st Strand cDNA Synthesis kit with random hexamer primers (Invitrogen; Thermo Fisher Scientific, Inc.) as follows: The RNA/primer mixture was incubated at 65°C for 5 min, then placed on ice for 1 min. 2X reaction mix was added to the prepared RNA/primer mixture followed with incubation at room temperature (\~25°C) for 2 min. The mixture with 1 µl SuperScript II RT was incubated at 42°C for 50 min and the reaction was terminated at 70°C for 15 min. The obtained cDNA was collected by brief centrifugation (4,989.5 × g, 30 sec, room temperature) and the quantification of DKK3 expression was analyzed by RT-qPCR using the TaqMan Gene Expression Assay kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) with the following parameters: 95°C for 3 min for initial denaturation, 40 cycles at 95°C for 3 sec, 57°C for 30 sec, 68°C for 1 min. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the internal control and the primers were as follows: Forward 5′-GCAAGAGAGAGGCCCTCAG-3′ and reverse 5′-TGTGAGGGAGATGCTCAGTG-3′. The primer sequences of the DKK3 gene were as follows: Forward 5′-TATACATGTGCAAGCCAGCC-3′ and reverse 5′-TCCTCAAATGCCATCTCCTG-3′. Threshold cycle values (Cq) were determined and data were analyzed with the 2^−∆∆^Cq method ([@b30-mmr-15-04-1673]).

### Western blotting analysis

DFCs from each group were obtained and protein was extracted using a NE-PER Extraction kit (Pierce; Thermo Fisher Scientific, Inc.). Protein concentrations were measured with a bicinchoninic acid (BCA) protein assay (Beyotime Institute of Biotechnology, Haimen, China). Proteins (20 µg) were separated by 10% sodium dodecylsulfate-polyacrylamide gel electrophoresis and electrophoretically transferred onto a polyvinylidene fluoride membrane (EMD Millipore, Billerica, MA, USA). The membrane was incubated for 1 h at room temperature in TBST containing 5% skim milk to block nonspecific protein binding and incubated at 4°C overnight with the primary antibodies. The following primary antibodies were used: Rabbit anti-DKK3 polyclonal antibody (dilution, 1:1,000; cat. no. ABIN411466; Biorbyt, Ltd., Cambridge, UK) and rabbit anti-GAPDH polyclonal antibody (dilution, 1:5,000; cat. no. ab9485; Abcam, Cambridge, UK), which was used as internal control. Following washing for 20 min, the membrane was incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (dilution, 1:2,000; cat. no. ab6721; Abcam) for 1 h at room temperature. Blots were visualized using an enhanced chemiluminescence system (Millipore ECL Western Blotting Detection System; EMD Millipore), and band densities were obtained and normalized to GAPDH and the background using ImageJ software version 2 (National Institutes of Health, Bethesda, MD, USA).

### Construction of DFCs expressing a lentiviral vector containing short hairpin RNA (shRNA) against DKK3

A lentiviral vector expressing shRNA against DKK3 mRNA was constructed. The DKK3-targeting shRNA sequence (forward, 5′-TGCCACAGTCTGGTATACATCTTCCTGTCAATGTATACCAGACTGTGGCTTTTTTC-3′ and reverse, 5′-TCGAGAAAAAAGCCACAGTCTGGTATACATTGACAGGAAGATGTATACCAGACTGTGGCA-3′) was designed and cloned into the PLL3.79 lentiviral vector (Addgene, Inc., Cambridge, MA, USA), which encodes a green fluorescence protein (GFP) tag, and was validated by sequence analysis. The packaging 293T cell line (cat. no. CMH010; Shanghai Gaining Biotechnology Co., Ltd., Shanghai China) was transfected with the lentiviral vector using Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. The viral supernatant was harvested and the lentiviral particle titer was determined. The DFCs were seeded into 75 cm2 culture flasks at a density of 1×106 cells/ml. Following overnight culture, the cells were infected for 12 h at 37°C with the lentiviral vector in the presence of polybrene (final concentration, 8 mg/ml). Subsequently, the cells were washed and cultured in fresh medium for 3 days. Infected DFCs were selected by fluorescence activated cell sorting (FACS). Cells were trypsinized with 0.05% Trypsin-EDTA (cat. no. 25300-062; Gibco; Thermo Fisher Scientific, Inc.) for 40 sec at 37°C, harvested, and resuspended in PBS. FACS analyses were performed with the BD Influx Cell Sorter (BD Biosciences, Franklin Lakes, NJ, USA) and samples were analyzed by collecting 10,000 events using FlowJo software version 1.0 (BD Biosciences). Cells transfected with control vectors served as negative controls. The GFP+ transduced cells were also isolated by FACS with the BD Influx Cell Sorter (BD Biosciences).

### Alkaline phosphatase (ALP) activity assays and Alizarin Red staining of DKK3-shRNA DFCs

DKK3-shRNA DFCs and control vector DFCs were placed in 24-well plates at a density of 3×104 cells/well. After 24 h, the cells were grown in mineral-induction medium for 3, 7, 14 or 21 days at 37°C. Each experimental group of cells was washed with phosphate-buffered saline at the appointed time and lysed by the addition of 200 µl/well 1% Triton X-100. Cellular ALP activities and total protein concentrations were determined with an ALP kit (Nanjing Jiancheng Chemical Industrial Co., Ltd., Nanjing, China) and the Bicinchoninic Acid Protein Assay kit (Boshide, Wuhan, China), respectively.

During the Alizarin Red staining experiments, the DKK3-shRNA DFCs and control vector DFCs were seeded in 6-well plates at a density of 1×10^5^ cells/well. Following 24 h, the cells were grown in mineral-induction medium for 3 weeks at 37°C. The DFCs were subsequently fixed in formaldehyde for 15 min and stained with 0.5% Alizarin Red. Mineral deposits were visualized under a light microscope (Zeiss GmbH, Jena, Germany).

### Mineral capability assays of DKK3-shRNA DFCs

RT-qPCR and WB analysis were employed to compare the respective expression levels of osteogenic markers in DKK3-shRNA DFCs and control DFCs *in vitro*. Following mineral induction for 1 or 3 weeks in shRNA DFCs and control vector DFCs, the mRNA expression levels of ALP (forward 5′-GGAAGCTAGATGCGGACAAG-3′ and reverse 5′-TCCCTGACATCGAAGTACCC-3′) and collagen-type-I (Col-I; forward, 5′-AGAGCATGACCGATGGATTCC-3′ and reverse, 5′-TTGCCAGTCTGCTGGTCCATG-3′) were measured by RT-qPCR.

In addition, the protein expression levels of DKK3 (dilution, 1:1,000; cat. no. ABIN411466; Biorbyt, Ltd.), β-catenin (dilution, 1:500; cat. no. ab16051; Abcam), runt-related transcription factor 2 (RUNX2; dilution, 1:1,000; cat. no. ab23981; Abcam), and osteocalcin (OCN; dilution, 1:1,000; cat. no. ab93876; Abcam) were investigated using WB analysis.

To detect the osteogenic differentiation of DKK3-shRNA DFCs or vector DFCs *in vivo*, cells at a density of 4×10^6^ cells were mixed with 40 mg hydroxyapatite/b-tricalcium phosphate powder (HA/TCP; Engineering Research Centre in Biomaterials, Sichuan University, Chengdu, China) Each mixture (1 ml) was centrifuged (148.8 × *g*, 3 min, room temperature) and transplanted into the subcutaneous tissue of 4 severe combined immunodeficiency (SCID) mice (6 weeks old; \~30 g; 2 female/2 male, supplied by Animal Research Center of Sun Yat-sen University, Guangzhou, China). The mice were maintained in a clean animal room under a temperature of \~24°C, humidity of 40 to 70%, on a 12 h light/dark cycle. At 5 weeks post-implantation, the mice were sacrificed by cervical dislocation and the transplants were separated, then fixed with 4% paraformaldehyde for 24 h, and decalcified in 5% methanoic acid for 5 days. The sections were embedded in paraffin and cut longitudinally at 5-µm intervals. Initially, hematoxylin and eosin (H&E) staining was performed to observe the general view of transplants. The paraffin sections were deparaffinized, rehydrated and incubated with hematoxylin to stain the nuclei. After washing with tap water, the sections were stained with eosin. Finally, the samples were dehydrated, cleared and mounted. To further explore the collagen fiber of the transplants, Masson staining was applied with a similar protocol to the H&E staining. A total of three sections from each group were selected randomly, and three independent visual fields were captured to observe the newly formed collagen and mineralized matrices. The images captured by light microscope (Zeiss GmbH) were analyzed by Image-Pro Plus software (version, 6.0; Media Cybernetics, Rockville, MD, USA) to calculate the integrated optical density (IOD) and area of new collagen and mineralized matrices. The mineralized capability was obtained using the following formula: IOD/area × 100.

### Statistical analysis

Results were presented as the mean ± standard deviation of at least 3 independent experiments. Data analysis was performed using SPSS software (version 20.0; IBM SPSS, Armonk, NY, USA). A Student\'s t-test was used to compare two means. One-way analysis of variance was applied to compare two or more means, followed by Student-Newman-Keuls test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Decreased DKK3 expression in DFCs upon mineral induction

DFCs were successfully cultured and induced to form mineral deposits and adipocytes ([Fig. 1A-D](#f1-mmr-15-04-1673){ref-type="fig"}). The Wnt RT-qPCR array detected the expression levels of 84 Wnt-associated genes in DFCs maintained in routine or mineral-induction media for 4 weeks. The results indicated that DVL3, CCND2 and DKK3 genes were downregulated upon mineral induction ([Table I](#tI-mmr-15-04-1673){ref-type="table"}; P\<0.05).

WB and RT-qPCR analysis demonstrated that DKK3 expression was increased in a time-dependent manner in the control groups but decreased in a time-dependent manner in mineral-induction medium ([Fig. 1E-G](#f1-mmr-15-04-1673){ref-type="fig"}). After 2 weeks, DKK3 mRNA expression was decreased in DFCs grown in mineral-induction medium compared with those grown in routine medium ([Fig. 1F](#f1-mmr-15-04-1673){ref-type="fig"}; P\<0.05). After 4 weeks, DKK3 mRNA and protein expression levels were significantly downregulated in the mineral-induction medium group ([Fig. 1F-G](#f1-mmr-15-04-1673){ref-type="fig"}; P\<0.01).

### Expression of osteogenic markers in DKK3-shRNA DFCs

ALP activity, mineral deposits, RT-qPCR and WB analysis were used to analyze osteogenic markers. ALP activity was upregulated in DKK3-shRNA DFCs cultured for 7, 14 or 21 days, compared with in the vector-infected DFCs ([Fig. 2A](#f2-mmr-15-04-1673){ref-type="fig"}). In addition, following mineral induction for 3 weeks, DKK3-shRNA DFCs exhibited greater mineral deposition by Alizarin Red staining ([Fig. 2B-E](#f2-mmr-15-04-1673){ref-type="fig"}). RT-qPCR results demonstrated that Col-I and ALP levels were upregulated in DKK3-shRNA DFCs grown in mineral-induction medium for 1 or 3 weeks ([Fig. 2F and G](#f2-mmr-15-04-1673){ref-type="fig"}). The WB analysis results indicated that nuclear β-catenin, RUNX2, OCN and total β-catenin expression were increased, while DKK3 expression was inhibited in DKK3-shRNA DFCs following growth in mineral-induction medium for 1 or 3 weeks ([Fig. 2H-N](#f2-mmr-15-04-1673){ref-type="fig"}). These findings indicated that DKK3 suppression may promote osteogenic differentiation-marker expression in DFCs.

### Mineralized capability of DKK3-shRNA DFCs in vivo

The DKK3-shRNA DFCs and vector-infected DFCs were successfully implanted in SCID mice. At 5 weeks post-implantation, H&E staining demonstrated that DKK3-shRNA DFCs with HA/TCP scaffolds formed new collagen fibers and vessels ([Fig. 3A-D](#f3-mmr-15-04-1673){ref-type="fig"}). Similarly, the Masson staining demonstrated that DKK3-shRNA DFCs with HA/TCP formed more mineralized matrices and collagen compared with the control group ([Fig. 3E-H](#f3-mmr-15-04-1673){ref-type="fig"}), indicating that low expression of DKK3 enhanced osteogenic differentiation *in vivo*. The quantitative analysis also indicated that the mineralization capabilities of the DKK3-shRNA DFCs with HA/TCP were higher than those of the control group ([Fig. 4](#f4-mmr-15-04-1673){ref-type="fig"}).

Discussion
==========

Wnt pathway activation serves an essential function in tooth development and regeneration. The roles of specific Wnt genes have been studied by monitoring their expression levels and subcellular localization. Numerous Wnt-associated genes have been implicated in early tooth formation. For example, at the initiation stage, Wnt10b is expressed specifically in molar and incisor dental epithelial thickenings, whereasWnt5a is expressed in mesenchymal cells ([@b31-mmr-15-04-1673]). Dental epithelial and mesenchymal Wnt/β-catenin signaling is suppressed by forced epithelial expression of the secreted Wnt inhibitor DKK1, followed by arrested tooth development at the early bud stage ([@b32-mmr-15-04-1673]). At the early cap stage, lymphoid enhancer binding factor 1, Wnt3, Wnt6, Wnt10b and MFz6 are expressed in the primary enamel knot, whereas Wnt5a and MFrzb1 are detected in the dental papilla mesenchyme ([@b31-mmr-15-04-1673]). Our previous studies demonstrated that, in DFCs, β-catenin expression increased in a time-dependent manner, andWnt5a is expressed in DFCs in postnatal rats ([@b9-mmr-15-04-1673],[@b12-mmr-15-04-1673]). These observations suggested that the effects of Wnt family proteins on tooth formation should be focused on; however, the associated Wnt-associated gene has yet to be identified, therefore total genes or proteins should be screened in future studies.

At present, proteomics and DNA microarrays facilitate the study of the genome-wide transcriptome of human cells. Several studies have investigated signaling molecule activation during the osteogenic differentiation of dental-derived cells ([@b33-mmr-15-04-1673]--[@b36-mmr-15-04-1673]). A DNA microarray study previously reported that Wnt-associated genes are differentially expressed in differentiated DFCs ([@b36-mmr-15-04-1673]). Since Wnt-associated gene expression may be limited during DFC differentiation, it suggests that the expression of certain genes may not be high enough to be detected in a total gene microarray assay. Therefore, a Wnt signaling pathway PCR array profile was used in the present study to investigate a panel of genes associated with Wnt-mediated signal transduction. It was demonstrated that the DKK3 gene was downregulated in DFCs upon mineral induction, supplying a novel target to control the osteogenic differentiation of DFCs. Notably, a recent microarray study of *in vivo*-implanted C3H10T1/2 cells expressing BMP2 also implicated DKK3 as a pivotal gene in endochondral bone formation ([@b37-mmr-15-04-1673]). Consequently, the osteogenic differentiation of DFCs by controlling the expression of DKK3 was focused on in subsequent experiments.

As a secreted protein in the Dickkopf family, DKK3 serves an essential function in early embryonic development. Amphioxus DKK3 may regulate head formation by inhibiting Wnt/β-catenin and Nodal/Vg1 signaling, and these functions may have been partitioned among various vertebrate lineages during the evolution of DKK3 proteins ([@b38-mmr-15-04-1673]). DKK3 expression has also been demonstrated o occur in the dental mesenchyme of embryonic day12 mouse embryos ([@b39-mmr-15-04-1673]). Another report claimed that the DKK1-3 genes exhibited distinct spatiotemporal expression. During molar morphogenesis, DKK3 was specifically expressed in the primary and secondary enamel knots, whereas postnatal DKK3 mRNA expression was transiently observed in preameloblasts prior to the onset of enamel matrix secretion ([@b29-mmr-15-04-1673]). In the present study, DKK3 expression in DFCs cultured in 10% DMEM or mineral-induction medium for 1, 2 or 4 weeks was explored. DKK3 mRNA expression was decreased at 2 weeks, whereasDKK3 protein decreased after 4 weeks in DFCs cultured in mineral-induction medium. In a previous study, DFCs were collected from postnatal rats, during which period DKK3 expression was not detected in the mesenchyme ([@b29-mmr-15-04-1673]). Therefore, it may be concluded that low DKK3 expression may be associated with the osteogenic differentiation of DFCs in a time-dependent manner.

Based on the shRNA experiments in the present study, silencing DKK3 expression in DFCs led to enhanced formation of calcified nodules, ALP activity and osteogenic marker expression. WB analysis of DKK3-shRNA DFCs following mineral induction revealed that total β-catenin was upregulated at 1 week, whereas nuclear β-catenin was increased at 1 and 3 weeks. Since the Wnt canonical pathway is activated by nuclear β-catenin accumulation, it is possible that low DKK3 expression activated the canonical Wnt/β-catenin pathway, thereby regulating downstream target genes, including RUNX2 and OCN. In a previous study, osteoblast/cementoblast differentiation could be promoted by adding a canonical Wnt/β-catenin activator to DFCs ([@b9-mmr-15-04-1673]). However, in murine SVF4 DFCs, Wnt3a-dependent β-catenin activation inhibited BMP2-mediated induction of cementoblast/osteoblast differentiation ([@b40-mmr-15-04-1673]), which indicated that canonical Wnt signaling may inhibit the osteogenic differentiation of DFCs. It was hypothesized that this discrepancy may be caused by the source and type of DFCs, since the SVF4 cell line is an immortalized cell line, whereas rat DFCs were collected from primary cultures in the present study. Furthermore, DKK3 is an effective inhibitor of the canonical Wnt pathway; therefore, the positive effect of Wnt/β-catenin signaling on the osteogenic differentiation of DFCs was demonstrated.

To further confirm the aforementioned hypothesis, the osteogenic differentiation of DKK3-shRNA DFCs was completed in a SCID mouse model. Biphasic calcium phosphate bioceramics have been developed for tissue engineering applications, with various ratios of β-TCP and HA biphasic calcium phosphates ([@b41-mmr-15-04-1673]). In the present study, the HA/TCP scaffold (HA/TCP=1:8; 1 mm) was loaded on DFCs in order to observe their osteogenic differentiation *in vivo*. Previous studies have demonstrated that DFCs acquired cementoblast or osteoblast-like features under BMP2 stimulation ([@b4-mmr-15-04-1673],[@b5-mmr-15-04-1673]). However, DKK3 and BMP2 co-expression in implanted C3H10T1/2 cells significantly impaired bone formation, compared with cells expressing only BMP2 ([@b37-mmr-15-04-1673]). These findings indicated that DKK3 may inhibit osteogenesis. In a similar manner, the shRNA-DKK3 DFCs treated with HA/TCP injected into the SCID mice presented increased osteoid matrices and collagen compared with control DFCs, also indicating that DKK3 is a negative regulator of osteogenesis. However, the small number of samples used was a limitation of the present study, since the expression of osteoblast markers, including RUNX2, could not be analyzed quantitatively.

In conclusion, the results presented in the current study indicated that DKK3 is a negative regulator during the osteogenic differentiation of DFCs and, conversely, that DKK3 downregulation may enhance DFC osteogenesis.
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![DKK3 expression in DFCs during osteogenic differentiation. (A) Primary culture of DFCs after 3 days. Scale bar, 200 µm. (B) Most DFCs at passage 3 presented fibroblast-like features. Scale bar, 100 µm. (C) Mineral deposits on DFCs grown in osteogenic medium for 3 weeks, as detected by Alizarin Red staining. Scale bar, 100 µm. (D) Adipocytes stained with Oil Red O following adipocyte induction for 4 weeks. Scale bar, 100 µm. (E) WB analysis demonstrating DKK3 protein downregulation following osteogenic differentiation. (F) DKK3 mRNA downregulation following osteogenic differentiation. (G) Relative gray scale of DKK3 expression determined following WB analysis. \*P\<0.05, \*\*P\<0.01 vs. Osteo. DKK3, Dickkopf-related protein 3; DFCs, dental follicle cells; WB, western blot; Control, DFCs grown in 10% Dulbecco\'s modified Eagle\'s medium; Osteo, DFCs grown in mineral induction medium.](MMR-15-04-1673-g00){#f1-mmr-15-04-1673}

![Osteogenic differentiation markers analysis in DKK3-shRNA DFCs *in vitro*. (A) ALP activity of DKK3-shRNA DFCs was enhanced compared with in vector-infected DFCs between days 7 and 21. (B) General view of mineralized nodules of DKK3-shRNADFCs following growth in mineral-induction medium for 3 weeks. (C) General view of mineralized nodules of vector-infected DFCs following mineral induction for 3 weeks. (D) Calcified nodules of DKK3-shRNADFCs under microscopy. Scale bar, 200 µm. (E) Calcified nodules of vector-infected DFCs under microscopy. Scale bar, 200 µm. (F) mRNA expression of Col-I was upregulated in DKK3-shRNA DFCs grown in mineral-induction medium. (G) mRNA expression of ALP was upregulated in DKK3-shRNA DFCs grown in mineral-induction medium. (H) WB analysis demonstrating nuclear β-catenin expression inDKK3-shRNADFCs grown in mineral-induction medium. (I) Relative gray scale of WB analysis results in (H). (J) WB analysis of DKK3, RUNX2, OCN and β-catenin expression in DKK3-shRNADFCs grown in mineral-induction medium. (K-N) Relative gray scale of WB analysis results in (J). \*P\<0.05, \*\*P\<0.01 vs. vector-infected DFCs. ALP, alkaline phosphatase; DKK3, Dickkopf-related protein 3; ShRNA/sh, short hairpin RNA; DFCs, dental follicle cells; Col-I, collagen-type-I; WB, western blot; RUNX2, runt-related transcription factor 2; OCN, osteocalcin.](MMR-15-04-1673-g01){#f2-mmr-15-04-1673}

![H&E and Masson staining of DKK3-shRNA DFCs and vector-infected DFCs. Representative images obtained following (A-D) H&E and (E-H) Masson staining. (A) A marked amount of mineralized matrices were deposited on the implant of DKK3-shRNA DFCs. Scale bar, 100 µm. (B) Local magnification of yellow box in A indicating limited space occurring between the HA/TCP (red arrow) and matrices. Collagen fibers and vasculogenesis (black arrow) are apparent. (C) Vector-infected DFCs presented the formation of numerous semi-bone matrices. Scale bar, 100 µm. (D) Local magnification of yellow box in C demonstrated that vasculogenesis and collagen fiber (black arrow) formation around the cells and HA/TCP (red arrow) were weak. (E) Newly formed blue osteoid matrices and collagen in DKK3-shRNA DFCs. Scale bar, 100 µm. (F) Local magnification of yellow box in E indicating mineralized matrices, collagen, newly formed vessels (black arrow) and HA/TCP (red arrow) constituted a network in the implants. (G) Vector-infected DFCs formed loose osteoid matrices and collagen. Scale bar, 100 µm. (H) Local magnification of yellow box in G indicating numerous intervals were formed in the osteoid matrix (black arrow) around HA/TCP (red arrow). H&E, hematoxylin and eosin; DKK3, Dickkopf-related protein 3; shRNA, short hairpin RNA; DFCs, dental follicle cells; HA/TCP, hydroxyapatite/β-tricalcium phosphate.](MMR-15-04-1673-g02){#f3-mmr-15-04-1673}

![Quantitative comparison of mineral capabilities of DKK3-shRNA DFCs and vector-infected DFCs *in vivo*. The ratio of IOD/area in DKK3-shRNA DFCs was statistically higher than vector-infected DFCs. \*P\<0.05 vs. vector. DKK3, Dickkopf-related protein 3; shRNA/Sh, short hairpin RNA; DFCs, dental follicle cells; IOD, integrated optical density.](MMR-15-04-1673-g03){#f4-mmr-15-04-1673}

###### 

Wnt polymerase chain reaction array results of dental follicle cells cultured in mineral induction medium or 10% Dulbecco\'s modified Eagle\'s medium for 4 weeks.

               Average ∆∆Cq                                           2^−∆∆Cq^                                               t-test                                                    Fold up or downregulation                                                                                            
  ------------ ------------------------------------------------------ ------------------------------------------------------ --------------------------------------------------------- --------------------------------------------------------- ---------------------------------------------------------- -------------------------------------------------------
  Apc          5.88                                                   5.68                                                   1.7E-02                                                   2.0E-02                                                   0.716282                                                   −1.15
  Apc2         11.35                                                  10.39                                                  3.8E-04                                                   7.5E-04                                                   0.715525                                                   −1.95
  Axin1        6.93                                                   6.93                                                   8.2E-03                                                   8.2E-03                                                   0.854303                                                   1.00
  Axin2        8.82                                                   9.12                                                   2.2E-03                                                   1.8E-03                                                   0.570925                                                   1.23
  Bcl9         6.56                                                   5.89                                                   1.1E-02                                                   1.7E-02                                                   0.273815                                                   −1.59
  Btrc         6.53                                                   6.17                                                   1.1E-02                                                   1.4E-02                                                   0.198065                                                   −1.28
  Ctnnb1       2.80                                                   2.48                                                   1.4E-01                                                   1.8E-01                                                   0.794771                                                   −1.25
  Ccnd1        2.20                                                   2.38                                                   2.2E-01                                                   1.9E-01                                                   0.520418                                                   1.13
  Ccnd2        4.18^[a](#tfn1-mmr-15-04-1673){ref-type="table-fn"}^   3.07^[a](#tfn1-mmr-15-04-1673){ref-type="table-fn"}^   5.5E-02^[a](#tfn1-mmr-15-04-1673){ref-type="table-fn"}^   1.2E-01^[a](#tfn1-mmr-15-04-1673){ref-type="table-fn"}^   0.031100                                                   −2.15^[a](#tfn1-mmr-15-04-1673){ref-type="table-fn"}^
  Ccnd3        4.22                                                   3.92                                                   5.3E-02                                                   6.6E-02                                                   0.719887                                                   −1.24
  Csnk1a1      3.29                                                   2.99                                                   1.0E-01                                                   1.3E-01                                                   0.476922                                                   −1.23
  Csnk1d       4.32                                                   4.50                                                   5.0E-02                                                   4.4E-02                                                   0.475343                                                   1.13
  Csnk2a1      4.52                                                   4.48                                                   4.3E-02                                                   4.5E-02                                                   0.940791                                                   −1.03
  Csnk2b       3.71                                                   3.69                                                   7.6E-02                                                   7.7E-02                                                   0.940995                                                   −1.02
  Daam1        6.20                                                   6.04                                                   1.4E-02                                                   1.5E-02                                                   0.632151                                                   −1.12
  Dixdc1       8.45                                                   7.99                                                   2.9E-03                                                   3.9E-03                                                   0.971372                                                   −1.38
  Dkk1         11.79                                                  12.24                                                  2.8E-04                                                   2.1E-04                                                   0.414675                                                   1.37
  Dkk3         3.15^[a](#tfn1-mmr-15-04-1673){ref-type="table-fn"}^   2.21^[a](#tfn1-mmr-15-04-1673){ref-type="table-fn"}^   1.1E-01^[a](#tfn1-mmr-15-04-1673){ref-type="table-fn"}^   2.2E-01^[a](#tfn1-mmr-15-04-1673){ref-type="table-fn"}^   0.049257^[a](#tfn1-mmr-15-04-1673){ref-type="table-fn"}^   −1.91^[a](#tfn1-mmr-15-04-1673){ref-type="table-fn"}^
  Dkk4         7.09                                                   6.59                                                   7.3E-03                                                   1.0E-02                                                   0.299526                                                   −1.42
  Dvl1         6.15                                                   6.02                                                   1.4E-02                                                   1.5E-02                                                   0.955741                                                   −1.10
  Dvl2         4.48                                                   4.26                                                   4.5E-02                                                   5.2E-02                                                   0.426044                                                   −1.17
  Dvl3         7.08^[a](#tfn1-mmr-15-04-1673){ref-type="table-fn"}^   6.09^[a](#tfn1-mmr-15-04-1673){ref-type="table-fn"}^   7.4E-03^[a](#tfn1-mmr-15-04-1673){ref-type="table-fn"}^   1.5E-02^[a](#tfn1-mmr-15-04-1673){ref-type="table-fn"}^   0.011969^[a](#tfn1-mmr-15-04-1673){ref-type="table-fn"}^   −1.99^[a](#tfn1-mmr-15-04-1673){ref-type="table-fn"}^
  Ep300        6.05                                                   5.82                                                   1.5E-02                                                   1.8E-02                                                   0.976422                                                   −1.17
  Fbxw11       4.56                                                   4.29                                                   4.2E-02                                                   5.1E-02                                                   0.585973                                                   −1.21
  Fbxw2        3.24                                                   3.16                                                   1.1E-01                                                   1.1E-01                                                   0.902830                                                   −1.06
  Fgf4         13.88                                                  13.19                                                  6.6E-05                                                   1.1E-04                                                   0.154326                                                   −1.61
  Frzb         13.59                                                  13.02                                                  8.1E-05                                                   1.2E-04                                                   0.541255                                                   −1.48
  Fzd1         2.62                                                   1.65                                                   1.6E-01                                                   3.2E-01                                                   0.537557                                                   −1.96
  Fzd2         3.83                                                   2.76                                                   7.0E-02                                                   1.5E-01                                                   0.200846                                                   −2.09
  Fzd3         6.90                                                   6.93                                                   8.4E-03                                                   8.2E-03                                                   0.843733                                                   1.02
  Fzd4         6.28                                                   6.94                                                   1.3E-02                                                   8.2E-03                                                   0.405254                                                   1.58
  Fzd5         8.85                                                   8.44                                                   2.2E-03                                                   2.9E-03                                                   0.233498                                                   −1.32
  Fzd6         6.30                                                   6.26                                                   1.3E-02                                                   1.3E-02                                                   0.744854                                                   −1.03
  Fzd7         6.83                                                   5.46                                                   8.8E-03                                                   2.3E-02                                                   0.155697                                                   −2.59
  Fzd9         14.13                                                  13.93                                                  5.6E-05                                                   6.4E-05                                                   0.941213                                                   −1.15
  Gsk3a        3.11                                                   3.08                                                   1.2E-01                                                   1.2E-01                                                   0.947278                                                   −1.02
  Gsk3b        3.89                                                   3.59                                                   6.8E-02                                                   8.3E-02                                                   0.388341                                                   −1.23
  Jun          5.31                                                   4.74                                                   2.5E-02                                                   3.7E-02                                                   0.579975                                                   −1.48
  Kremen1      5.85                                                   5.63                                                   1.7E-02                                                   2.0E-02                                                   0.540391                                                   −1.17
  Lef1         10.74                                                  10.72                                                  5.8E-04                                                   5.9E-04                                                   0.832187                                                   −1.02
  Lrp5         6.78                                                   7.04                                                   9.1E-03                                                   7.6E-03                                                   0.489102                                                   1.19
  Lrp6         3.81                                                   3.37                                                   7.1E-02                                                   9.7E-02                                                   0.734114                                                   −1.36
  Mitf         6.57                                                   7.00                                                   1.1E-02                                                   7.8E-03                                                   0.318318                                                   1.35
  Myc          4.65                                                   5.27                                                   4.0E-02                                                   2.6E-02                                                   0.311155                                                   1.53
  Nkd1         7.24                                                   6.07                                                   6.6E-03                                                   1.5E-02                                                   0.145820                                                   −2.25
  Nkd2         4.78                                                   4.29                                                   3.6E-02                                                   5.1E-02                                                   0.451828                                                   −1.40
  RGD1561440   6.47                                                   6.24                                                   1.1E-02                                                   1.3E-02                                                   0.437063                                                   −1.17
  Pitx2        10.00                                                  10.03                                                  9.8E-04                                                   9.6E-04                                                   0.857792                                                   1.02
  Porcn        4.75                                                   5.34                                                   3.7E-02                                                   2.5E-02                                                   0.415860                                                   1.50
  Ppp2ca       3.52                                                   3.35                                                   8.7E-02                                                   9.8E-02                                                   0.652950                                                   −1.12
  Ppp2r1a      2.99                                                   3.10                                                   1.3E-01                                                   1.2E-01                                                   0.611666                                                   1.08
  Pygo2        6.82                                                   6.55                                                   8.9E-03                                                   1.1E-02                                                   0.917801                                                   −1.20
  Rhoa         0.82                                                   0.98                                                   5.7E-01                                                   5.1E-01                                                   0.451892                                                   1.12
  Senp2        5.13                                                   4.95                                                   2.9E-02                                                   3.2E-02                                                   0.606892                                                   −1.13
  Sfrp1        4.83                                                   3.51                                                   3.5E-02                                                   8.8E-02                                                   0.434107                                                   −2.49
  Sfrp2        6.31                                                   6.01                                                   1.3E-02                                                   1.6E-02                                                   0.470746                                                   −1.23
  Sfrp4        7.43                                                   7.00                                                   5.8E-03                                                   7.8E-03                                                   0.885189                                                   −1.34
  Sfrp5        11.47                                                  11.58                                                  3.5E-04                                                   3.3E-04                                                   0.786232                                                   1.08
  Tcf3         6.38                                                   6.24                                                   1.2E-02                                                   1.3E-02                                                   0.618723                                                   −1.10
  Tcf4         4.21                                                   4.13                                                   5.4E-02                                                   5.7E-02                                                   0.699509                                                   −1.06
  Tcf7         11.27                                                  10.70                                                  4.1E-04                                                   6.0E-04                                                   0.216594                                                   −1.48
  Tcfe2a       6.00                                                   5.55                                                   1.6E-02                                                   2.1E-02                                                   0.505454                                                   −1.36
  Tle1         7.21                                                   6.69                                                   6.8E-03                                                   9.7E-03                                                   0.770935                                                   −1.43
  Tle2         7.22                                                   6.54                                                   6.7E-03                                                   1.1E-02                                                   0.529451                                                   −1.60
  Wif1         7.16                                                   7.56                                                   7.0E-03                                                   5.3E-03                                                   0.328635                                                   1.32
  Wisp1        2.52                                                   1.95                                                   1.7E-01                                                   2.6E-01                                                   0.586035                                                   −1.49
  Wnt1         13.16                                                  12.49                                                  1.1E-04                                                   1.7E-04                                                   0.374245                                                   −1.59
  Wnt10a       13.75                                                  13.27                                                  7.2E-05                                                   1.0E-04                                                   0.948650                                                   −1.40
  Wnt10b       13.09                                                  12.90                                                  1.1E-04                                                   1.3E-04                                                   0.748260                                                   −1.14
  Wnt11        8.51                                                   7.61                                                   2.8E-03                                                   5.1E-03                                                   0.287261                                                   −1.86
  Wnt2         11.62                                                  10.83                                                  3.2E-04                                                   5.5E-04                                                   0.373755                                                   −1.73
  Wnt2b        10.97                                                  10.77                                                  5.0E-04                                                   5.7E-04                                                   0.634100                                                   −1.15
  Wnt3         10.48                                                  10.23                                                  7.0E-04                                                   8.3E-04                                                   0.564868                                                   −1.19
  Wnt3a        6.61                                                   6.06                                                   1.0E-02                                                   1.5E-02                                                   0.540905                                                   −1.46
  Wnt4         8.59                                                   8.88                                                   2.6E-03                                                   2.1E-03                                                   0.869003                                                   1.23
  Wnt5a        3.42                                                   3.69                                                   9.4E-02                                                   7.8E-02                                                   0.588542                                                   1.21
  Wnt5b        5.54                                                   5.31                                                   2.1E-02                                                   2.5E-02                                                   0.402236                                                   −1.17
  Wnt6         15.60                                                  16.84                                                  2.0E-05                                                   8.5E-06                                                   0.332610                                                   2.35
  Wnt7a        17.12                                                  17.92                                                  7.0E-06                                                   4.0E-06                                                   0.415976                                                   1.74
  Wnt7b        7.46                                                   6.70                                                   5.7E-03                                                   9.6E-03                                                   0.243376                                                   −1.70
  Wnt8a        14.74                                                  13.88                                                  3.6E-05                                                   6.6E-05                                                   0.276427                                                   −1.82
  Wnt8b        16.05                                                  16.15                                                  1.5E-05                                                   1.4E-05                                                   0.502530                                                   1.07
  Wnt9a        8.94                                                   8.93                                                   2.0E-03                                                   2.1E-03                                                   0.497268                                                   −1.01
  Wnt9b        9.38                                                   9.38                                                   1.5E-03                                                   1.5E-03                                                   0.642663                                                   1.00
  Rplp1        −2.04                                                  −2.43                                                  4.1E+00                                                   5.4E+00                                                   0.058664                                                   −1.31
  Hprt1        4.43                                                   4.61                                                   4.6E-02                                                   4.1E-02                                                   0.526594                                                   1.13
  Rpl13a       −2.39                                                  −2.18                                                  5.2E+00                                                   4.5E+00                                                   0.372639                                                   1.16
  Ldha         2.88                                                   2.93                                                   1.4E-01                                                   1.3E-01                                                   0.431255                                                   1.03
  Actb         −3.08                                                  −2.86                                                  8.5E+00                                                   7.3E+00                                                   0.536666                                                   1.16

P\<0.05 vs. control.

[^1]: Contributed equally
